D-allulose (D-psicose) is a monosaccharide rarely found in nature. D-allulose is a C-3 epimer of D-fructose, provides no energy \[[@r12]\] and was recently investigated for its hypoglycemic effects \[[@r3]\]. The dietary supplementation of D-allulose decreases plasma glucose and insulin concentrations in healthy rats \[[@r11]\] and suppresses the rise of blood glucose and insulin concentrations in the oral glucose tolerance test in rats with type 2 diabetes \[[@r8]\]. In addition, D-allulose suppresses the elevation of blood glucose and insulin concentrations after the maltodextrin load test in healthy human subjects \[[@r9]\] and postprandial blood glucose concentrations in humans with borderline diabetes \[[@r5]\]. D-allulose may also improve glucose metabolism by decreasing fat accumulation \[[@r8], [@r10], [@r17], [@r18]\]. These lines of evidence suggest that D-allulose can function as a promising anti-diabetic dietary component.

Diabetes mellitus is a common endocrinopathy in dogs. The treatment of the vast majority of diabetic dogs involves the injection of exogenous insulin, because most diabetic dogs lack insulin secretion \[[@r13]\]. In these dogs, insulin-stimulating oral hypoglycemic drugs, such as sulfonylureas, are ineffective \[[@r13]\], and other oral hypoglycemic drugs are also not routinely used because of insufficient efficacy. A high-fiber supplementary diet is often employed to suppress postprandial hyperglycemia and the rise in insulin requirements \[[@r14], [@r15]\]. Although it can be difficult to achieve good glycemic control in some diabetic dogs, no other effective treatment for canine diabetes is as yet known.

The hypoglycemic effect of D-allulose demonstrated in a previous study would also be beneficial in dogs with diabetes. Recently, we demonstrated the safety of a single dose of D-allulose in dogs \[[@r16]\]. In that study, a high dose administration of D-allulose mildly decreased the concentration of plasma glucose in dogs that had undergone fasting \[[@r16]\]; however, the effect of D-allulose on glucose metabolism has not yet been clarified. D-allulose is expected to suppress blood glucose and insulin concentrations in dogs. In the present study, the effects of D-allulose were investigated in dogs administered sugars or food.

MATERIALS AND METHODS {#s1}
=====================

*Animals*: This study protocol was approved by the institutional Animal Experiment Committee of Gifu University (approval no. 12075). Six healthy beagle dogs (one male and five females; age, 2.4 ± 0.9 years; and body weight, 13.7 ± 1.5 kg) were used in the present study. In the oral glucose administration experiment, an additional dog (male, 3 years old; body weight, 11.8 kg) was also used. Dogs were used for each experiment repeatedly with a washout period of at least 1 week. All dogs were confirmed healthy by physical examination, complete blood count and biochemical analysis. Food was withheld from dogs overnight before each experiment; however, they were allowed free access to water throughout the experiments.

*Oral sugar administration experiments*: Seven and six dogs were orally administered 50% glucose (2.0 g/kg) and 50% maltose (2.0 g/kg) solutions, respectively, with oral D-allulose (0.2 g/kg) or equivalent water supplementation. The dose rate of D-allulose was determined referring to similar studies conducted for humans \[[@r9]\]. The same dose rate was used in other experiments. The dose rate of glucose or maltose was determined based on a previous study in dogs \[[@r1]\]. Blood samples were collected from the cephalic vein before and 30, 60, 90 and 120 min after administration of sugars for measurements of glucose and insulin concentrations.

*Intravenous glucose administration experiment*: Six dogs were orally administered D-allulose solution (0.2 g/kg) or an equivalent volume of water 60 min before the intravenous administration of 50% glucose solution (0.5 g/kg). The dose rate of glucose was determined based on a previous study in dogs \[[@r2]\]. Blood samples were collected from the cephalic vein 60 min and immediately before, and 5, 10, 15, 30 and 60 min after the administration of glucose for measurements of glucose and insulin concentrations.

*Feeding experiment*: Six dogs were provided a commercial maintenance dry food (Select protein duck and tapioca, Royal Canin Japon, Tokyo, Japan) with D-allulose (0.2 g/kg) or an equivalent volume of water. The amount of food provided was calculated based on half of the daily energy requirement for young adult dogs (50 kcal/kg of body weight^0.75^) \[[@r4]\]. Blood samples were collected from the cephalic vein before and 1, 2, 3, 4, 6 and 8 hr after feeding for measurements of glucose and insulin concentrations.

*Assays*: Plasma glucose concentrations were measured using an automated biochemical analyzer (Labospect 003; Hitachi High-Technologies, Tokyo, Japan). Plasma insulin concentration was assayed using the LBIS dog insulin enzyme-linked immunosorbent assay kit (Shibayagi, Shibukawa, Japan) \[[@r19]\].

*Statistical analysis*: The area under the curves (AUC) of plasma glucose and insulin concentrations were calculated using the trapezoid method. Statistics analyses were conducted in Excel 2011 (Microsoft, Redmond, WA, U.S.A.) with the add-in software Statcel 3 (OMS Publishing, Saitama, Japan). Differences between groups were determined by the Wilcoxon signed-rank test. Values of *P*\<0.05 were considered significant.

RESULTS {#s2}
=======

*Oral sugar administration experiments*: The oral administration of glucose or maltose increased plasma glucose and insulin concentrations ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Plasma glucose and insulin concentrations after the oral administration of glucose (A, C) or maltose (B, D) with or without the oral administration of D-allulose in dogs. Closed circles and open squares represent data from dogs administered D-allulose (0.2 g/kg) and control dogs, respectively. Data are shown as means ± standard error of the mean (SEM) (n=7 for the glucose administration experiment and n=6 for the maltose administration experiment). Asterisks represent significant difference (*P*\<0.05) between groups.). The administration of D-allulose diminished the rise in plasma glucose after the oral administration of glucose or maltose (*P*\<0.05) ([Fig. 1A](#fig_001){ref-type="fig"} and 1C). In addition, the concentration of plasma insulin after the oral administration of glucose or maltose was lower after the administration of D-allulose (*P*\<0.05) ([Fig. 1B](#fig_001){ref-type="fig"} and 1D). The AUCs for plasma glucose and insulin concentrations after the oral administration of glucose were lower (*P*\<0.05) in the D-allulose group than that in the control group ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Area under the curves (AUCs) for plasma glucose (A) and insulin (B) concentrations after the oral administration of glucose or maltose with or without the oral administration of D-allulose in dogs. Data are shown as means ± standard deviation. Asterisks represent significant difference (*P*\<0.05) between groups.). The AUCs for plasma glucose and insulin concentrations after the oral administration of maltose were lower (*P*\<0.05) in the D-allulose group than that in the control group ([Fig. 2](#fig_002){ref-type="fig"}).

*Intravenous glucose administration experiment*: The concentration of plasma glucose was lower at 5, 10 and 15 min after the intravenous administration of glucose when D-allulose was administered (*P*\<0.05) ([Fig. 3A](#fig_003){ref-type="fig"}Fig. 3.Plasma glucose (A) and insulin (B) concentrations after intravenous administration of glucose with or without the oral administration of D-allulose in dogs. Closed circles and open squares represent data from dogs administered D-allulose (0.2 g/kg) and control dogs, respectively. Data are shown as means ± standard error of the mean (SEM) (n=6). Asterisks represent significant difference (*P*\<0.05) between groups.). On the other hand, there was no significant difference in the concentration of plasma insulin between the control and the D-allulose groups ([Fig. 3B](#fig_003){ref-type="fig"}). The AUC for plasma glucose concentration after the intravenous administration of glucose was lower (*P*\<0.05) in the D-allulose group than in the control group ([Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.Area under the curves (AUCs) for plasma glucose (A) and insulin (B) concentrations after the intravenous administration of glucose with or without the oral administration of D-allulose in dogs. Data are shown as means ± standard deviation. Asterisks represent significant difference (*P*\<0.05) between groups.). The AUC for the concentration of plasma insulin after the intravenous administration of glucose for the D-allulose group did not differ significantly from that for the control group ([Fig. 4B](#fig_004){ref-type="fig"}).

*Feeding experiment*: The concentration of plasma insulin increased after feeding ([Fig. 5B](#fig_005){ref-type="fig"}Fig. 5.Plasma glucose (A) and insulin (B) concentrations after feeding with or without oral D-allulose administration in dogs. Closed circles and open squares represent data from dogs administered D-allulose (0.2 g/kg) and control dogs, respectively. Data are shown as means ± standard error of the mean (SEM) (n=6).). The concentration of plasma glucose did not fluctuate after feeding ([Fig. 5A](#fig_005){ref-type="fig"}). The oral administration of D-allulose did not affect these parameters after feeding in the dogs ([Fig. 5](#fig_005){ref-type="fig"}). There was no significant difference in AUCs for plasma glucose and insulin concentrations between the D-allulose and the control groups ([Fig. 6](#fig_006){ref-type="fig"}Fig. 6.Area under the curves (AUCs) for plasma glucose (A) and insulin (B) concentrations after feeding with or without oral D-allulose administration in dogs. Data are shown as means ± standard deviation.).

DISCUSSION {#s3}
==========

In the present study, we demonstrated that D-allulose diminished the increase in plasma glucose concentration after the oral administration of glucose or maltose in dogs. The antihyperglycemic effect of D-allulose was not the result of increased plasma insulin concentration. These results were consistent with the result obtained in humans subjected to an oral maltodextrin tolerance test \[[@r9]\]. In rodents, D-allulose has been known to inhibit digestive enzymes, including α-glucosidase and α-amylase \[[@r7]\]. The antihyperglycemic effect after oral administration of maltose in dogs can be partially explained by the inhibition of α-glucosidase in the intestine. However, in the present study, it was difficult to evaluate the effect of D-allulose on α-glucosidase in the canine intestine, because the antihyperglycemic effect was similarly observed after oral administration of glucose. In addition to the inhibition of digestive enzymes, it is reported that D-allulose inhibits the absorption of glucose from the intestine by competition with glucose transporter 2 (GLUT2) on the basolateral membrane of the intestinal epithelial cells \[[@r6], [@r7]\]. The inhibition of glucose absorption might contribute to the effect of D-allulose on plasma glucose concentrations after the oral administration of glucose or maltose in dogs. The glucose suppressive effect without increased plasma insulin concentration was also observed after the intravenous administration of glucose in dogs. The effect of D-allulose on the digestion or absorption of sugars in the intestine cannot account for the effect of D-allulose in the intravenous glucose administration experiment. In rats, D-allulose has been reported to induce hepatic glucokinase to increase glucose utilization in the liver \[[@r8]\]. This might be one possible mechanism for the glucose lowering effect of D-allulose after the intravenous administration of glucose in dogs. In addition, the increased utilization of glucose in the liver might be one of the factors explaining the glucose lowering effect of D-allulose after the ingestion of sugar in dogs. The diminished responses of insulin after the administrations of sugar are consistent with these theories. A further study is required to clarify the detailed mechanisms of the antihyperglycemic effect of D-allulose in dogs.

In the present study, the effect of D-allulose on concentrations of plasma glucose and insulin after feeding was not significant relative to that after the administration of sugar in dogs. In healthy humans, D-allulose decreased the concentration of postprandial blood insulin, although postprandial blood glucose concentration was not altered \[[@r5]\]. The reason for the discrepancy between studies remains unclear and might be due to a species difference in the metabolism of carbohydrate. However, the carbohydrate content of the meal used in the human study was higher (84.5 g of carbohydrate, 13.3 g of protein and 3.7 g of fat per 435 kcal) \[[@r5]\] than that in the present study (58.5 g of carbohydrate, 25.1 g of protein and 10.8 g of fat per 400 kcal). The difference in carbohydrate content in the diets used might explain the different results obtained. Because the composition or amount of food in our study was determined to represent food that was fed twice daily to pet dogs, postprandial hyperglycemia was not obvious. Our results suggested that D-allulose does not show significant effects on glucose metabolism after a typical feeding in healthy pet dogs. A greater carbohydrate load, which represents a condition of glucose intolerance, may demonstrate an antihyperglycemic effect of D-allulose after feeding in dogs. Actually, D-allulose showed a clearer suppressive effect on postprandial blood glucose in human patients with borderline diabetes \[[@r5]\]. Studies in dogs with abnormal glucose tolerance may be necessary to evaluate the possibility of clinical application of D-allulose to diabetic dogs.

In conclusion, D-allulose showed an antihyperglycemic effect in healthy dogs after the administration of sugar. The present results suggest that D-allulose administration might be beneficial in dogs with impaired glucose tolerance. The antihyperglycemic effect of D-allulose was insulin-independent; thus, D-allulose might help to achieve better glycemic control in diabetic dogs lacking insulin secretion. However, because D-allulose did not show a significant effect on postprandial plasma glucose or insulin concentrations in healthy dogs, a further study investigating the therapeutic efficacy of D-allulose in diabetic dogs is required.
